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1. Two-Photon Transitions in Molecules

Previous work in this area has been summarized i~ our A~nual

Progress Reports, The general aim has been to understa~: the
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there {3 a very near coincidence c¢7 the laser frequ«:cy with an allowed
transition to an enhancing level, Thus one can us¢ visible light to
obtain large numbers of highly exc:iied states of the molecules, Houwever,
because of their symmetry, molecu.¢s excited to thesec states cann<t make
direct transitions to the grounc electronic level in homonuclear
molecules such as Na,, We have, t-zrefore, studied *~e mixed alkali vapor
of Na and K, and have detected tw. types of two-przton transiticns,
Using a continuous-wave narrowbanc dye laser tunable from 570 to S84
nanometers, two-photon transitions :in NaK free of Doppler broadening have
been observed. Five Doppler-broac:2ned transitions sesre also detected,
and are ascribed to two-photon hyb=1d resonances inv-.ving the phctolysis
of K, and a subsequent transition (- the excited K a:m,

We have alsc used spectroscopy of fluorescence, resulting from two-
photon excitation, as an aid in identification of two-photon transitions i~
Na,. Several methcds were introdu:=3 and used to il<-tify the transitions
and analyze the specira, Using t~::2 metnods, the .::er level r:ctationa.
quantum number, arar-gy and elactr.nic character cl..31 be Jdeler=ined
without any assump-i-ns about the :-ite to wnich tre upper level t=2longs,
TWenty-nine twi-piotIrn transitiors aere observed ar: analyzed, .{ these,
18 coul? te fittec t: tne Dunham - -atior-vibration ::nstan%s of t-e ‘Ié
{38 ¢+ 538) state, 35i-7e the wave.:-gths of these c.., transitions were
measured more acc.irately than t-::e in previous s=2.21es using ru.sed
.asers, improvel va..es of “he T. -am coefficients f:~ that state ~oull
Ye derived, Trey wzre |n gucd ag” ement with the v:.yez ~ttaine: from

the best pclarizat.i-s labteling exy:-_ ments,
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2. High-Contrast Saturation Spectroscopy for Optizally Thick Samples

Doppler-free saturation spectroscopy in the regime of strong pumping
intensities and optically thick atomic samples w~as investigated
experimentally and theoretically. It was shown trhat a high signal-to-
background ratio can be obtained and, at the sace time, subnatural
linesidths can be reached, It was also shown that further contrast and
linewidth improvements can be obtained by supplementing the primary
depleted pumping beam with a second pumping beam. By using the signal
bear from a first setup as the pumping beam for a second identical

arrangement, extreme values for contrast and linewidth should

be ¢ohtainable,
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by

Professor Theo W. Hansch

In May 1986, T. W. Hansch left Stanford University in order to accept
a new appointment as Director at the Max-Planck Insatitute for Quantum
Optics in Garching, Germany, and as Professor at the University of Munich,

His research program in the Department of Physics at Stanford
University has since been carried on by three graduate students and two

visiting scientists:

Rayzond G. 3eausoleil, receivei Pn.D. Winter, 1987

David H. Mcintyre, to receive the Ph.D., June, 1987
Gregory M, lutler, to receive the Ph,D., June, 1987
Dr, Bernar: Couillaud, Coherernt, Inc., Palo Alto, CA

Dr. Zhristorher J, Foot, Clarendcn Laboratory, Oxford, Tnglani

The follcwing papers acknowlecdge ONR support, and have been

published or s.bmitted since January 1986:
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PHYSBICAL REVIEW A VOLUME 33, NUMBER ) MARCH 1986

| Ultrahigh-resolution two-photon optical Ramsey spectroscopy of an atomic fountain

R. G. Beausoleil and T. W. Hinsch
Department of Physics, Ssanford University, Ssanford, California 94303-2196
(Received 19 September 1985)

mm.mmdm-mmmmmm
copy of cold neutral stoms falling fresly in & fountsin. Considering atoms which interact with the
tame standing-wave laser flald twics on theisr parabolic rajsctories and sveraging over a broad
stomic velocity distribution, we predict a nearly Lorentzian line shaps whose width is just the natur-
ol linewidth. We have investigated & number of systematic corrections to the stomic resonamce fre-
quency, including first-order and second-order Doppler shifts, gravitational red shifts, and ac Stark
shifts. Pirst-order Doppler shifts due 10 vertical motion cancel even if the counterpropagating
bsams are slightly missligned, and resolutions beiow | Hz appear feasible with a fountain of modest
dimensions.

Reprinted Optice Letters, Vol. 11, page 97, F 1908
WOl“bymnumlh;:mydAmn‘WUym&thmyﬂhm.

Continuous-wave second-harmonic generation as a surface
microprobe

G.T.Deyd and Y. R Shea
Depeartment of Physics. University of Celifornm. Berheley. Celiforne 94720

T. W. Hamech
Department of Physics, Stenford University. Stenford. Californa 94305

Receved October 22. 1985, accepted November 26. 1985

We demonstrate that monolaysr detaction by optical second- harmonic generation i possible even with 2 20.-mW cw
diode laser. Using a focused scanning laser beam. we also demonstirste a new method of monolayer surface
microscopy. The same esperiments suggest the possibility of an optical monolayer memory device

VOLUME 36, NUMBER 6 PHYSICAL REVIEW LETTERS 10 FEBRUARY 1086

Measurement of the 1S5 -2S Frequency in Atomic Hydrogen

E. A. Hildum, U. Boesl.'*’ D. H. Mclniyre, R G Beausoleil, and T. W. Hinsch

Deparimen: of Physics, Sianford Universiy. Sianford, Californa 94305
(Received 24 Ociober 1985)

We rcport on a first precise mcasurement of the | S-2S encrgy interval in atomic hydrogen Ob-
serving the 15-25 transition in an atomic beam by pulsed Doppler-free two-photon spectroscopy
and using an interferometrically calibrated absorption line of '**Te,; at 486 nm as the reference. we
measure the frequency /(1S5 -25) = 2466061395 6(4.8) MHz. Using the cakulated |S Lamb shift,
we obtain s value for the Rydberg constant, R, « 109737.31492(22) cm~', which s not n good
agreement with the most recent previous messurement
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" HIGH RESOLUTION LASER SPECTROSCOPY OF ATOMIC HYDROGEN

R.G.Beausnsleil, B.Couillaud, C.J.Foot, T.d.Harisch
E.A.Hildum, and D.H.McIntyre

Abstract

Although spectroscopy of hydrogen has played a central rale in the
development of atomic tneory ind qQuantum mechanics, the resslution of
optical spectral lines remained limited by Doppler broadening to abdout
one part in 10% urtil 1371, Since then, methods of Doppler-free laser
spectroscopy have achieved =major improvements. 7hanks to recent
experimental advances, the rate of progress has quiz«ened dratatical.v in
1985, promising unprecedented cpportunities for precision measurements of
fundamental constants and for stringent tests of tasic prysics laws.

-~
<

REFERENCE: Proceelings of the International Laser Science Conference,
Dallas, Texas, November 18-22, 1985

THE HYDROGEN ATOM IN A NEW LIGHT

T.W.Hansch, R.G.Beausoleil, U.Boesl, B.Couillaud,
C.J.Foot, E.A.Hildum, and D.H.Mcirtyre

Abstract

It is well kncwn that lasers and coherent light techniques have
revolutionized high resolution spectrsocopy. Todey we have at our
disposal a powerful arsenal of techniques which car overcome the Dorpler
broadening of spectral lines, achieving ever higher spectral resolut:ion.
At Stanford, we have long been fascinated by the prospects of applying
such tools to atormic hydroge~. AS the simplest c¢f the stable atccts,
hydrogen permits urique confrontations between experiment and quan:tum
electrodynamic thesry, After :oriefly reviewing pas: specircscopic st adies
of hydrogen, we w... report ¢~ some recent experizzntal advznces w-ich
have opened tne 1:or 1o draz:ztic future improverments in resolutic-,
creating unprecelented oppor:uinities for precisic- measurezents o7
fundamental const2nts ind for stringent tests of tz:zl2 prysics laws,

REFERENCE: 1in Met“ods of Lassr~ Spectroscopy, edite: bty Y.Pricr
A.Ben-Seuven, and V_.Rosenbluh (Plenum F.clisning Zorp., " >36)

HIGH RESOLUTION LASER SPECTROSCOPY OF ATOMIC HYDROGEN:
ADVANCES AND PROSPECTS

T.W.Hansch, R.i.Beausoleil, B.Couillaud, E.A.HilZ.z, an¢ D.Z.Mclntrye
Abstract

Recent advances in high ra2solution laser spec:iroscory ¢f the si-ple
hydrogen atom promise excitin: new opportunities f:r» tezis of fundz-2ntal
physics laws anc for precisic- measurements of the Zydberg constans, the
photon/electron =~:ss ratio, :=nd the charge radii :f tre -rcton a-:

deuteron,

REFERENTE: in Pr.ceedings ¢! <he Workshop on fFunda=entsi.
Muor. ?~ysics: At-ms, Nurclej, and Part.>i:<s,

Los Alamos, NM, _zraary 20-22, 1986,
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PHYSICAL REVIEW A VOLUME 34, NUMBER $ NOVEMBER 1986
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" Absolute calibration of the '**Te; reference line for positronium 138,~238 spectroscopy

D. H. Mcintyre and T. W. Hinsch®
Department of Physics. Stanford University. Stanford, California 94305
{Received 18 July 1986)

We report on an interferometric frequency measurement of the '®Te; absorption line which has
been used as a reference in Doppler-free two-photon spectroscopy of the positronium 135,-27S)
transition. The measurement relies on a comparsison with a nearby, previously calibrated line of
1%Te,. The result, 616803 $45.98(71) MHz lowers the observed value of the positronium
135,-2°S, interval to 1233607 142.9(10.7) and lessens the agreement between theory and experi-
ment.

Optical Rydberg Transitions Following Electron Capture Into
Slow, Highly Ionized Neon Recoil Ions

L.J. Lembo, Ch. Stoller, K. Danzmann, W.E. Meyerhof, and T.W. Hansch(a)
Department of Physics, Stanford University, Stanford CA 94305
R. Gerson
Hamamatsu Corporation, Middlesex, N.J. 08846

Abstract

Emission spectra in the visible and near ultraviolet have been observed for
transitions between Rydberg states of highly charged neon ions (NeQ* with q=9
to 5), following electron capture from Na. Structure appears in those spectra
for which the incoming ions carry L-shell core electrons. Together with data

g from polarization studies, these spectra reveal the influence exerted by core
interictions in electron capture processes.

-

REFERENCE: Phys. Rev. A. (submitted for putlication)
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(Submitted to Physical Review A - Rapid Commeunications)

. INTERFEROMETRIC FREQUENCY MEASUREMENT OF
A _"'TQV,VREFERENCE LINE FOR
MUONIUM 15-28 SPECTROSCOPY"T -t

D. H. Mcintyre and T. W. Hinsch®
Department of Physics, Stanford University
Stanford, CA 9430$

ABSTRACT
We report on an interferometric frequency measurement of 3 130T,
absorption line which can be used as a reference in Doppler-free two-photon
spectroscopy of the muonium 15-25 transition. The frequency of this 488 nm
139Te, transition is determined with a precision of 8§ parts in 100 by

comparison with 8 previously calibeated 13¢Te, line near 436 om.

" . CONTINUOUS-WAVE MEASUREMENT OF THE 1S LAMB SHIFT
k] IN ATOMIC HYDROGEN", |

: R. G. Beausoleil,® D. H. McIntyre, C. J. Foot,®
E. A. Hildum (<) B. Couillaud,(?) and T. W. Hansch(*)
Department of Physics, Stanford University
Stanford, CA 94305

b ABSTRACT

| We have determined the 1S Lamb shift in atomic hydrogea with s precision of
: 2 parts in 104 by measuring the frequency of the 1S-2S transition cbesrved by
continuous-wave Doppler-free two-photon spectroscopy. We employ sn
interferometrically calibrated absorption line in 139Te, s our reference and obtain s
15-2S interval of 2 466 061 413.8(1.5) MHz. Choosing & value of the Rydberg
constant measured independently by high resolution spectroscopy of the hydrogen
Balmer-# transition, we find the J5 Lamb shift to be 8 173.3(1.7) MHz, in good
sgreement with the theoretical value of 8 172.949) MHL
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Section 1
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‘ Introduction

_-
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This is the ﬁf\j.l report for the ONR contract spanning the period from 1 April 1978

- -
L —

P

to 31 March 1987. The overall theme of this contract has been on studies of the physics
and technology of extreme ultraviolet (XUV) and soft x-ray lasers and devices. Much of
the work has centered on methods for the production of core-excited metastable atoms
and ions; and on the use of these atoms and ions both for new types of spectroscopy and
for new types of XUV lasers. _

This has been an extraordinarily productive period. Particular highlights of the work

during this period include: The invention and demonstration of the anti-Stokes radiation

s 22 B =A

source, the use of laser produced plasmas for creating high density of metastable species,

[ 2* o e
ol

and the proposals of both metastable transfer and Auger lasers.

In recent weeks we have demonstrated a 109 nm laser with an output of aboat 20uJ

]

in a beam with 5mRad divergence.
Section 2 of this report lists the highlights of the work during this contract period.

Section 3 lists the names of students who have received their Ph.D. during this period.

Section 4 gives a bibliography of publications which have resulted from this contract.
We note that much of this work has been jointly supported by contracts with the
Army Research Office, the Air Force Office of Scientific Research, the Strategic Defense

Initiative Organization, and the Lawrence Livermore National Laboratory.
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Section 2

Summary of Principal Contributions

Highlights of our work in the areas of core-excited spectroscopy and lasers include:

. The anti-Stokes radiation source was proposed and analyzed in the context of a two
photon blackbody.

. This radiation source was used to take the 3p absorption spectrum of neutral
potassium at a resolution of about 2cm™!, which is the highest resolution reported
for these features.

. This source was also used to produce a 600 ps pulse of (incoherent) 56.9 nm radiation.

. The class of quartet-doublet laser systems was proposed; the emission spectrum of
neutral Li (near 20nm) was taken, and the quartet and doublet manifolds of Li were
experimentally connected for the first time.

. First microwave, and later hollow-cathode, technology was used to produce metastable
populations and to demonstrate several new types of core-excited spectroscopy. In one
of these experiments the Grotrian diagram of core-excited Na was defined for the first
time.

. The laser-produced plasma method of creating high densities of core metastables was
proposed and demonstrated.

. A new dichroic beam splitter was invented by R. W. Falcone, and tested.

. The method of core excitation by x-ray-produced electrons was proposed and
demonstrated.

. The ideas of shake-up and super-Auger lasers were suggested.

. A novel longitudinal pumping geometry was suggested.

. The quasi-metastable concept was suggested and verified in several experiments.
Recently it has been used to form the basis of entirely new type of XUV spectroscopy,

which provides an unprecedented capability for the measurement of XUV levels and
autoionizing times.

. We have demonstrated a 109nm laser with an output power of about 20uJ in a
5mrad divergence beam. The laser is based on an Auger process in neutral Xe and
uses a novel type of traveling wave laser produced plasma excitation.
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Section 3
List of Students

The students who have received their Ph.D. during the course of this period are listed

below:

W. R. Green

J. C. White

J. H. Newton

G. A. Zdasiuk
M. D. Wright

J. R. Willison

J. E. Rothenberg
J. C. Wang

D. E. Helmgren

K. D. Pedrotti
A. J. Mendelsohn
P. J. K. Wisoff
D. P. Dimiduk

March 1979
April 1979
September 1979
December 1980
March 1981
May 1982
October 1982
March 1984
October 1984
December 1985
May 1985

June 1986
October 1986
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GAS-SURFACE INTERACTIONS

Professor Richerd N. Zare, Principal Investigator

Scattering Studjes; Review of Research
Greg 0. 8itz, Andrew C. Kummel,

Melissa A. Hines, and Hope A. Michelsen

e

We have co-plotoi_.n extensive stud; of the scattering of N, off the

2
flat, close-packed Ag(111) surface. We ,ocsured'not only the rotational

population of the scattered N, but also the alignment as described by the

2’
quadrupole and hexadecapole moments of the 3 distribution, denoted by A(:)

and A(:? respectively. ‘Uo have performed several unique measurements in

the field of gas surface interactions: this is the first time a

polarization study has been performed on any solecule except NO; this is

(&)
0

the polarization has been recorded as a function of the incident gas energy

the first time an A", ‘moment has been measured, and this is the first time
or the surface temperature. In addition to the experimental work, we
developed the theoretical framework required to extract the polarization of
Nz using 2+2 multiphoton ionization (MPI).

The experimental setup is conceptually quite simple. Nitrogen is
expanded from a free jet in order to create a monoenergetic beam of N2
in its lowest rotational states. This beam is directed at a Ag(111) surface

which has been sputtered, annealed, and checked for cleanliness and crys-

tallographic integrity using Auger and LEED spectroscopies. The energy of

the beam can be varied either by heating the nozzle or seeding the Nz in a
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lighter gas, such as Ne or lz. The silver surface is sounted on @
senipulator which sllows us to vary its tempersture and geometric
orientat ion with respect to the incident beam. The beam scatters off the
surface and crestes "2 im high rotational states; the scattered beam is
intercepted by the focus of a frequency-doubled YAG-pumped dye laser. The
Nz is state selectively ioniszsed using 2+42 MPI and is detected using & time-
of-flight mass spectrometer. In addition to scenning the dye laser
vavelength to record the populstion of different rotational states, we can
vary the direction of the linesr polarization vector of the laser beas
using a double Fresnel romb and record the fonization probability of a
single rotational state as & function of the polariszation of the laser.
These two methods allow us to record both the populatioz and slignment of
the Nz scattered off the silver surface.

Our first experimental finding is that the rotatioral distribution of
the scattered "2 is very similar to that of NO off of Ag(111) except for Nz
the high energy rainbow is much sharper at low energies. This is an
important result because the rainbow features in the NO experiment have
been attributed to s head-tail anisotropy in the NO-gas potential in which
the N end is considered to be attractive and the O end repulsive; obviously,
this is not a viable explanation for the Nz data.

VWe also determined that the scattered nitrogen molecules in high
rotational states are very polarized with their angular somentum vectors
lying parallel to the plane of the silver surface: the solecules cartwheel

(tumble) across the surfsce. In our first experiments, we determined the

polarizetion of N2 by comparing the intensities of two different rotational

branches. This method works quite well when the molecui.es are 100%
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polarised because with this sssumption it is reasonable to assume a
relationship between A(:)ud A(:? In our most recent experiments we
determined the alignment by directly verying the polarization of the laser.
The allows us to determine accurately the polarization of the lower
rotational states which are only slightly aligned. Our findings are quite
fascinating; the lowest rotational states have their snguler momentum
vectors pointing toward the surface normal: the molecules spin on the
surface. The highest rotational states have s delta function for their
distribution of angular momentum vectors: they are 100% polerized and
cartwhee] across the surfece. We could only determine that this
distribution vas & delta function by independently measuring A(:)md A(:)
using our new technique.

The interpretation is a simple one: for & flat rigid surface, the
forces are directed aslong the surface normsl, causing a torque to be
exerted on the anisotropic Nz projectile so that it rotates with its
angular momentum at right angles to this force, i.s., with its angular
wmomentum lying in the plane of the flat surface. The surface scattering
process acts as an M state selector!

We determined the polerizations and rotational populations as e
function of beam energy and surface temperature. While the surface
temperature did not significantly affect the scattered distribution, the
beam energy hed two pronouced effects. Increasing the beam energy, raises
the quantum number of the high energy rotational rainbow and increases the
number of rotational states which are 100X polarized.

Presently, we are trying a completsly new techniqus to measure the in-

plane forces which the scattered solecules experience. If there are corru-
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gations or frictional forces, the scattered nitrogen msolecules should have a
net helicity (spin), {.e¢., they will tend to rotate clockwise versus
counterclockwise. When a football is thrown at high speed and lands on a
grass field, it almost always tumbles in the direction thrown; we want to
determine if an anslogous mechanise is operating in our systes. If this
experiment is successful (our recent results are quite encouraging), it

will yield a profound insight into how energy is transferred between gases
and surface electrons via "frictional forces.” As far as we know,
theoreticians have slways neglected this effect, and this mey be a serious
oversight. We have slready developed the theory required to analyze these

seasurements of molecular orientation (net helicity) using 2+2 MPI.
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